Concrete substrate roughness and microcracking influence stress wave propagation. No relation between bond strength and amplitudes of frequency peaks in IE spectrum. Proposed FE model is useful for simulation of stress wave propagation in repair systems with different interface quality. Bond strength estimation with IE needs advanced signal analysis e.g. wavelet analysis. 
Introduction
In concrete repair systems a specific interface is created. Its quality is affecting the adhesion and as a consequence reliability and durability of repair [1] [2] [3] . Adhesion is understood as a process through which two bodies are brought together and attachedbonded -to each other: it has therefore two different aspects, according to whether interest is mainly either in the conditions and the kinetics of contact or in the separation process [4] . An interface with good adhesion between concrete substrate and repair material is usually treated as a high quality interface. Many factors are influencing adhesion. The most important ones are concrete substrate characteristic (e.g. laitance, roughness, surface saturation, microcracking level etc.), repair material properties and application technology [5] . The bond strength is considered as a technical measure of adhesion and can be measured with different methods. EN 1504 [6] in general recommendations over quality control/quality assessment (QC/QA) suggests the pull-off test [7] for evaluation of adhesion of repair materials as relevant. It is commonly used in laboratory and onsite for evaluation of bond strength [6, [8] [9] . However this kind of test is usually insufficient for interface quality evaluation in large area concrete repair. The NDT methods could be very useful in such case. They allow the monitoring of the object after repair as well [10] . Impact-echo (IE) method is considered as the most promising one because it is less sensitive to heterogeneity of concrete in comparison to e.g. ultrasonic [11] . In the IE method a low energy impact of a steel ball on the surface is used to generate stress waves that propagate through the structure and are reflected by interfaces within the material or external boundaries (Fig. 1a) . Additional feature of IE method besides a time-domain analysis (Fig. 1b) is frequency spectrum analysis (Fig. 1c) .
IE method is often used for quality control of various types of repair, e.g. injection of cable ducts, overlays etc. Usually, defects like voids or delamination are detected. Lin et al. [12] observed some differences in frequency spectrums for two overlay systems with different bond strength (Fig. 2) . However, they concluded that those differences were not significant for evaluation of bond strength. The aim of this paper is to study the usability of the IE test based on frequency spectrum analysis for evaluation of bond strength in repair systems.
Concrete substrate quality and bond strength of tested repair systems
A surface preparation of concrete substrate is the basic operation before a repair system application. It has been widely demonstrated that it can significantly influence on the microcracking level and surface roughness, substrate saturation level and as a consequence it may affect the bond strength between repair material and concrete substrate [3, [13] [14] [15] [16] [17] [18] . The effect of surface quality on impact-echo signal was investigated for two groups of concrete substrates ( Table 1) . Effect of near-to-surface properties on bond strength for those groups was discussed in previous paper by Courard et al. [19] .
The surface quality was described by means of following parameters: Surface Roughness Index (SRI) defined in EN 1766, microcracking density (L A ) (Fig. 3 ) [19] and surface tensile strength (f hs ) defined in EN 1504-10 and measured according to EN 1542 (Fig. 4) , resulting from different surface preparation techniques. In [19] it was concluded that surface tensile strength is an accurate parameter characterizing the quality of substrate prior to repair and is easier to evaluate than density of microcracks.
On the base of the results of pull-off bond strength (Fig. 5 ) for different qualities of concrete, it is clear that compressive strength of concrete is not a discriminate important parameter for evaluation of adhesion in repair systems but selection of surface treatment technique should be preceded by the analysis of its aggressiveness in relation to the concrete substrate strength, taking into account both the development of the roughness profile and the decrease of surface tensile strength due to microcracks in the near-to-surface layer.
Impact-echo measurement and signal analysis
Impact-echo (IE) is a method used for non-destructive evaluation of concrete: it is based on the use of elastic, low energy impact of a steel ball on the surface [11] . The impact is generating stress waves that propagate through the structure and are reflected by interfaces within the material (internal flaws such as voids, honeycombs, cracks and delamination) or external boundaries. As stress waves are of low frequency (mainly below 60 kHz). IE method is often used for quality control of various types of repair, e.g. injection of cable ducts, overlays etc. (eg. [10, [20] [21] [22] 
where Taking into account these conditions impact ball diameter of 2 mm was selected to evaluate interface quality in both types of repair systems. For the analyzed systems, composed of a 10 cm (Group A) or 7 cm (Group B) thick concrete substrate and a 3 cm thick repair layer, the possible shapes of a frequency spectrum for a repaired system with defect at interface are presented in Fig. 6 . If a defect is sufficiently large (>28 mm at c p = 4000 m/s) there is no bottom (opposite surface) peak (A b ) observed but only a clear interface peak (A i ) is present; frequency spectrum is like for an element of thickness equal to defect depth (Fig. 6a) . When a defect is smaller a clear bottom (A b ) and an interface peak (A i ) are visible in frequency spectrum (Fig. 7b) . In an extreme situation, when a delamination is very wide and located close to the surface, a flexural vibration peak of a high amplitude and low frequency dominates in the spectrums.
The effect of interface quality on frequency spectrum was observed by Garbacz [23] during testing repair systems with ultrasonic pulse echo method (nominal frequency of transducer -500 kHz). The test results indicated that there was no correlation between the pull-off strength and the P wave velocity for the repair system with bond coat. The bond coat filled properly irregularities of concrete substrate properly and air voids at the interface were not observed. The statistically significant relationship was obtained for systems without the bond coat -the P wave velocity increased as the pull-off strength increased. In this case, the fraction of air voids at the interface increased when the roughness increased. In both types of repair systems the pulse velocity was not correlated with the substrate roughness. The trend was found in studying the relationship between the amplitude of maximum frequency peak and the pull-off strength: as the pull-off strength increases, the amplitude value of peak decreases. Statistical significance of the relationship between the amplitude value of the highest peak and the mean waviness of surface profile ( Fig. 5d ) was also found but only for the repair systems without the bond coat, essentially because the fraction of air voids increased with the surface roughness.
The effect of substrate surface roughness on ultrasonic wave propagation was analyzed by Santos et al. [24] as well. Their FEM simulation indicated that roughness of concrete substrate had relatively low influence on signal amplitude. However, they observed that these pulses decrease in the presence of rough interfaces, due to a greater wave dispersion. In the case of presence of heterogeneous concrete layers, significant noise appears in the signal, generated by the coarse aggregates, masking the echo differences previously detected between smooth and rough interfaces.
Taking into account principles of IE method it seems to be possible to assume that generated stress waves should be less sensitive on surface roughness and amplitude of peaks in frequency spectrum could reflect bond strength in repair systems.
By analogy to the ultrasonic pulse-echo methods, it seems to be possible to correlate interface quality with the amplitude of the characteristic peaks in the frequency spectrum. These peaks appear at the frequency range corresponding to the reflected wave from the interface and/or the opposite surface of the concrete slab (bottom peaks). It can be expected that, in the case of lowquality repair in the frequency spectrum will be present a peak of relatively high amplitude corresponding to the interface reflection -simultaneously the amplitude of the bottom peak will decrease.
Results analysis
Results of IE measurements for tested samples were presented in the form of maps of the frequency spectrum ( . The colors correspond to the amplitude in the spectrum of frequencies. Spectra obtained in the study of systems for the Group A, where the range of substrate surface roughness is larger, are more heterogeneous than the spectra obtained in the study of systems for Group B with less rough profile. For almost all systems, the characteristic peak, corresponding to the reflected wave from the lower surface of the concrete slab (bottom) is visible at frequencies around 20 kHz (Fig. 7a,b) . Only in two cases, for systems C50-LC and C50-BR (Fig. 8c ), significant peaks in the low frequencies -below 11 kHz, are dominant. This was confirmed when coring samples for pulloff test where a lack of adhesion of repair material was observed.
For the tested repair systems, mean values of maximal amplitudes in two specific ranges of the frequency spectra were analyzed based on the wave speed evaluation and repair system geometry: first range was around the bottom peak frequency f b and second one around frequencies corresponding to the interface f i -the values of the ranges are presented in Table 2 .
Although standard deviations of amplitude values (A b and A i ) are large (Table 3) , some general observations, especially for Group A, can be drawn. A number of factors affecting on bond quality have an effect on the amplitudes of characteristics peaks in frequency spectrums but not always in the same direction. These dependences may be clearly observed on spectrums for samples of group A presented in Fig. 8 . The mean values of bottom peak A b are the lowest for polishing and hydrodemolition (Fig. 8a,d ). In the first case, this is probably due to either delamination or cracks parallel to the interface [15] . A different explanation is given in the case of hydrodemolition: it was observed that very rough surface (the biggest SRI) was not filled with the repair mortar and air voids at the interface were entrapped. The amplitude of interface peak A i was again the highest for polished and jack-hammered samples (Fig. 9a,d) . Moreover, samples after hydrodemolition presented a multi-peak shape in the range of frequencies corresponding to reflection from the interface. The lowest value was obtained for sandblasted samples -here neither microcracks nor air voids were observed. In case of group B, the amplitudes for LC samples are usually the highest but no other relations are observed.
Next step was to find relations between the analyzed peak amplitudes and pull-off bond strength. The multiple regression correlation results, presented in Table 4 , for the explanatory variables A i and A b do not show statistical relation to bond strength fh (correlation coefficient R is much less than 1.0 and statistical significance of a result p > 0.05). However, the results indicate that the amplitude A b more largely contributes to the explanation of the level of bond strength than the amplitude A i (a larger standardized regression coefficient b is for A b ). It was surprising, as it was expected that information about the bond quality would come rather in the frequency corresponding to the wave reflected from the interface (A i ) than from the bottom (A b ).
Nevertheless in the following multiple regression correlation analysis, the roughness and the microcracking level, which affect the elastic wave propagation, were taken into account. SRI and fhs, two parameters whose statistical significance was already demonstrated by Courard et al. [19] , have been introduced into the correlation model. As a result multiple regression correlation coefficients R increased up to 0.70 for Group A and 0.85 for Group B respectively, as presented in Table 5 .
Results show that the amplitudes of characteristic peaks are related not only to the level of bond, but also to the roughness and microcracking as well. Several high peaks in the range corresponding to the interface, observed in the case of the hydrodemolition treatment (HD), as well as shifted maximum peak towards lower frequencies in the spectrum for the jack hammered sample (JH), confirm this conclusion. It means that the maximum amplitudes of the characteristic peaks are the parameters insufficient and inaccurate for bond strength evaluation in repair systems. It leads to the research on use of more advanced signal analysis, e.g. wavelet analysis.
Finite Element model analysis
Numerical time-domain studies were carried out using Finite Element (FE) code LS-DYNA Ò , dedicated to transient dynamic problems based on the model developed by Kwaśniewski and Garbacz [25] . The FE models were dedicated to large plates which can be treated locally (in vicinity of the impact point) as a part of infinite (in two dimensions) media. These FE models refer to an infinite plate with total thickness of 200 mm. It consists of 6 layers -five upper layers, each with thickness of 20 mm, can have different material properties (Fig. 10) . The last, bottom layer of thickness 100 mm is supposed to represent concrete substrate. The FE models represent segments of the cylinder with radius 260 mm, cut off about the vertical axis positioned along the impact direction. The FE meshes are built with regular wedge sixnode and cubic eight node elements, each with mostly the same vertical dimension of 2 mm. The quarter model consists of 276,050 elements. Symmetry boundary conditions were defined on the vertical cross-sectional planes, were normal displacements were constrained. Nonreflecting boundaries are applied to the cylindrical surface to represent the connection to the infinite media.
The simulations with that model have shown that repair material thickness as well as its acoustic properties are the important factors influencing propagation of stress wave through repair system. Numerical investigations of IE method have shown that an interface is usually ''visible" if absolute value of R coefficient is higher than +0.24 [10, 25] . This was also experimentally confirmed by Garbacz for polymer-cement composites differ in polymer content [23] .
The above FE model was modified to simulate effect of substrate roughness and presence of air voids at the interface on stress wave propagation. The simulations were performed for system with the same profile geometry as the ones used in the experiment and for two extreme cases of filing of surface irregularities: completely filled and non-filled surface irregularities (Fig. 11) . The surface geometry corresponded to real surfaces roughness obtained after sandblasting (SB) and hydrodemolition under high pressure (HD) of concrete substrate of compressive strength class C40/50.
The experimental tests were carried out on 600 Â 800 mm rectangular plates and 130 mm total thickness (concrete substrate -100 mm and overlay -30 mm). The material properties (E modulus and density) of the both concrete substrate and overlay were determined. The simulation performed for solid concrete plates with the same geometry confirmed that it can be considered as the infinite medium (Fig. 12) . The grooves are oriented along y length direction. The meshes are built of regular hexagonal eight-node elements with typical xyz dimensions of 1 Â 4 Â 2 mm. The height of the elements in the interface was reduced to 1 mm for modelling substrate roughness and voids. The quarter model consists of over 1.1 million of finite elements. Similarly to the first group of the FE models, symmetry boundary conditions were defined on the vertical crosssectional planes, were normal displacements were constrained. In the vertical direction the modelled segment is supported only a few nodes located in the bottom corner of the plate. This local supports against vertical displacement, simulate the actual test conditions. There are eight nodes identified for displacement reading. These nodes are located on the top surface with 20 mm spacing along x-axis (shorter side). Time histories of displacement for the second node, 20 mm from the impact point, represent basic detected signal.
The results of simulation indicate presence of larger air voids at the interface. They can significantly influence stress wave propagation even in the case of long wave as generated in IE method (Fig. 13) . If surface profile irregularities are filled the surface roughness does not significantly influence the shape of frequency spectrum. Frequency spectra resulted from FE simulations and experimental program (Group A SB-D and HD) indicate good similarity, especially in the case of possible air voids at the interface (Fig. 14b,f) . It can be concluded that the presence of larger air voids at the interface significantly influence the propagation of stress waves in repair systems.
Wavelet approach
As it was introduced in chapter 4 more complex IE signal analysis can be helpful for bond strength estimation in repair systems. A new tool for signal analysis -wavelet multiresolution time-scale method was recently implemented in NDT for concrete structures assessment [26] [27] [28] . It presents the next logic step in frequency analysis of signals -a STFT method of flexible size windows. It allows using long or short time sections, when analysis of low and high frequencies is made respectively. In comparison with STFT, the result image is divided on time-scale segments that are of different sizes depending on scale range. This effect is a result of using, instead of sine function, a wavelet -''short" wave, well concentrated in both time and frequency. A Wavelet Toolbox in MatLab environment was used here for analyses [29] .
Wavelet analysis allows for a decomposition of a signal on a set of shifted and scaled versions of mother wavelet. Continuous Wavelet Transform -CWT is resulting into C coefficients that are functions of scale and time position: a signal is composed of a sum of shifted and scaled wavelet multiplied by C. CWT is usually presented as a time-scale graph called scalogram.
If we use scaling parameters of powered 2 the Discrete Wavelet Transform -DWT is used. In practice, it is realized be using low and high-pass filters. Filtering process decomposes signal into the approximation (low frequency content) and details -a set of coefficient/time diagrams on given scale levels 2, 4, 8, 16 etc. (high frequency components).
First step of the wavelet analysis is to select proper functionwavelet. As it was intended to make both CWT and DWT analysis the possibilities are limited to orthogonal and biortogonal wavelets. Next recommendation is to use wavelet being the most similar to a signal that is going to be analyzed. As IE signal is not symmetric and the resolution is not limited -the best choice Table 6 Pseudo-frequencies for details of levels 1 to 6 for wavelet transform (sampling D = 2 ls). 
where: f c -wavelet center frequency (frequency for dominant oscillation), a -scale, D -sampling period in seconds.
According to this formula, the pseudo-frequencies may be calculated for both every scale level in CWT and every detail in DWT (see Table 6 ).
CWT of experimental repair systems
The CWT coefficient distribution diagrams obtained for real repaired systems are complex (Fig. 15) . However, by comparison it is obvious that they depend, in some extend, on concrete substrate and bond interface quality. It is observed at both low frequency (high scale) and high frequency (low scale) regions.
DWT of FE repair systems
The DWT wavelet analysis was afterwards performed on FE simulated systems. The analysis of DWT results using db2 (Haar) wavelet presents the influence of air voids on stress wave propagation in repaired systems. This is not clearly visible by observation of DWT details but it is abviuos after the FFT (Fast Fourier Transform) analysis performed on each detail (Figs. 16 and 17 ). For the system HD_p ( Fig. 16d) with high surface profile amplitude and air voids at the interface, a large amplitude peak at frequency that corresponds to the reflection from the interface is observed in d2. For the other systems the peak in these frequencies is present in d3: once again when there are air voids simulated (SB-D_p) its amplitude is the highest (Fig. 17b) .
DWT of experimental repair systems
Analytical determination of scale and detail level for specific ranges of the frequency spectra (see Table 6 ) showed that the characteristic frequency ranges for interface echo are located at level d3-d2 and d4 for bottom [30] . Results of the DWT transformdetails d1-d5 were statistically analyzed using standard procedure of MATLAB by mean value (MEAN), mean absolute deviation (MAD), standard deviation (SD) and range of amplitude (RG). The relationship between statistical parameters of coefficient lines at different levels and pull-off strength shows that the information about quality of bond in repaired systems is localized at levels d2, d3 -where the correlation factor is the highest (Fig. 18) . The results of statistical analysis of DWT indicate that the most significant are relationships between the pull-off strength and the range and standard deviation of medium frequency detail d3 (r P 0.60): r value 6 0.5 for other details means weaker relation and lower significance. The mean value and absolute mean deviation versus the pull-off strength are not statistically significant. These results indicates that the most suitable parameter for characterization of bond quality in repaired system is a medium range of frequency. The basic tendency is that parameters describing deviation of detail amplitude increase as a pull-off strength increase.
Another advantage of wavelet analysis is de-noising and separation from the signal the part that is responsible for frequencies of interface area -in the analyzed case d2 (Fig. 19) . On the FFT of the whole signal there is only visible a bottom peak on the frequency 0,04 (after recalculating -20.48 kHz). After de-noising the signal in order to separate the partition of D2 in FFT amplitude, in frequency spectrum a peak on the frequency 0136 (69,63 kHz) that corresponds to reflection from an interface appears.
Conclusions
On the basis of the results obtained for repair systems tested with impact-echo, the following main conclusions can be drawn:
-the relationships between pull-off strength and amplitudes of bottom and interface frequency peak are not statistically significant; this implies that an amplitude of frequency peaks is not proper measure of bond quality in repair systems; -concrete substrate roughness and microcracking influence on stress wave propagation and increase the noise level in the IE frequency spectrum; -the FE simulation results for repaired system with different interface quality confirmed that developed model is useful for simulation of stress wave propagation trough repaired systems evaluated with impact-echo method. Due to the variety of parameters characterizing possible tested objects, experience is required to interpret impact-echo test results. The developed FE models of repair systems can be treated as a ''ideal" reference repair systems. -the results of wavelet analysis of IE signal indicate that this approach is promising for estimation of bond strength in repair systems.
The results presented here have been already introduced in development of a mobile, integrated diagnostic scanner equipment for non-destructive testing of concrete elements using three complementary methods -Ultrasonic -Impact-Echo -GeoRadar ''UIRscanner" [31] .
